Abstract Multiple equilibrium studies by pH-metric measurements in the ternary copper(II) complexes with ampicillin(amp) as ligand A and glycine(gly), DL-2-aminobutanoic acid(2aba), DL-3-aminobutanoic acid(3aba), 1,2-diaminopropane(dp), 1,3-diaminopropane(tp), DL-2,3-diaminopropanoic acid(dapa), DL-2,4-diaminobutanoic acid(daba) & DL-2,5-diaminopentanoic acid(ornithine) (orn) as ligands B show the presence of CuABH, CuAB or CuAHÀ1 B ternary complex species. In the CuAB species the binding of the ligands A and B is similar to their binding in their respective binary complexes. In CuABH À1 species the deprotonation occurs with amp(A) ligand. The Dlog K values indicate higher stabilities for the ternary complexes than the binary species. The CuAB species with B = gly, 2aba, dapa & orn have been isolated and characterized. The conductivity measurements indicate that the complexes are non-electrolytes. Magnetic susceptibility and electronic spectral data suggest a square pyramidal geometry for CuAB with B = gly/2aba complexes and distorted octahedral geometry for CuAB with B = dapa/orn. The vibrational spectra are interpreted to find the mode of binding of ligand to metal. The TG/DTA studies reveal that the complexes decompose in three steps, indicating non-involvement of hydrated or coordinated water molecules in the complex. The cyclic voltammograms indicate a quasi reversible Cu 2+ /Cu + couple.
Introduction
The chemistry of b-lactum antibiotics in relation to their biological activities has been shown considerable interest in recent years (Zhang and Shi, 2006; Anderegg et al., 2005; Knobloch et al., 2003) . Biological metal ions play key roles in the structural organization and activation of certain enzymes, which are involved in the transfer of genetic information from DNA, leading to the synthesis of specific proteins (Matagne et al., 1999; Bush, 1998; Concha et al., 1997) . It is well known that ternary complexes play an important role in biological processes, as exemplified by many instances in which enzymes are known to be activated by metal ions (Lenhart et al., 2000) . Ternary complexes have also been implicated in the storage and transport of active substances through biological membranes. These phenomena strongly depend upon the formation of higher order complexes (Grzybowski, 2000; Plateeuw, 2006; Christiane et al., 2005) . Ampicillin, a penicillin group of pharmaceuticals shows antibiotic properties by virtue of its ability to inhibit the protein synthesis (Kraatz and Nolte, 2006; Borisenko et al., 2006) . However, convincing information on the nature of bonding with metal ions in the presence of antibiotics is still lacking. The penicillin family of antibiotics exerts its antibacterial action by the competitive inhibition of the enzyme dihydropterase synthetase towards the substrate (Anderton et al., 2004) . Several authors have reported the antimicrobial activity of amino penicillin drug and its metal complexes (Azza Abu-Hussen and Linert, 2009; Chohan et al., 2004) . Studies on its metal chelates have much physiological and pharmacological relevance because the metal chelates of amino penicillin drug have been found to be more bacteriostatic than the drugs themselves (Anacona et al., 2002) . With a view to throw more light upon the interaction of amino penicillin drug with the transition metal ions, a systematic study on the interaction of Cu(II) with commonly used amino penicillin drug viz. ampicillin(amp)(A) in the presence of glycine(gly), DL-2-aminobutanoic acid(2aba), DL-3-aminobutanoic acid(3aba) 1, 2-diaminopropane(dp), 1,3-diaminopropane(tp), DL-2,3-diaminopropanoic acid(dapa), DL-2,4-diaminobutanoic acid(daba) & DL-2,5-diaminopentanoic acid (ornithine) (orn)(B) (Fig. 1 ) has been undertaken in the solution state. The Cu(II)-amp(A)-gly, 2aba, dapa & orn(B) complexes have also been synthesized and were characterized using micro analytical, conductance, magnetic susceptibility, electronic and vibrational spectral analysis. The ESR, TG and DTA, and electrochemical studies of Cu(II)-amp(A)-gly & dapa(B) complexes have also been carried out. The biological activity of these complexes was tested against bacteria Salmonella typhi, yeast Saccharomyces cerevisae and fungi Lapsiodiplodia theobrome and Fusarium oxysporum using DMF as control. The DNA cleavage activity of the complexes was tested against CT DNA using gel electrophoresis in the presence of H 2 O 2 .
Experimental

Materials and physical measurements
All the ligands used were extra pure Fluka products. Doubly distilled conductivity water was used for the preparation of all solutions. The pH titrations were carried out at 37°C and I = 0.15 mol dm À3 (NaClO 4 ) under nitrogen with a digital pH metre with glass and calomel combined electrode assembly as described earlier (Irving et al., 1967; Nair and Santappa, 1981; Nair et al., 1982) . Titrations on the ternary complex systems were done as 50 ml portions of solutions containing low concentrations (0.002 & 0.0025 M) of Cu(ClO 4 ) 2 , amp (A) and ligand (B) in 1:1:1 and 1:1:2 ratios with known volumes of standard CO 2 -free NaOH. The auxiliary data in the Cu(II) -amp-gly, 2aba, 3aba, dp, tp, dapa, daba & orn binary amp gly 2aba 3aba dp tp dapa daba orn Figure 1 Structure of the ligands.
systems (Table 1) have been taken from the literature (Regupathy and Nair, 2010; Nair et al., 1980 Nair et al., , 1997 . The pH profiles obtained were processed using SCOGS computer programme (Sayce, 1968; Sayce and Sharma, 1972) and the results are given in Table 2 .
Preparation of complexes
The CuAB complexes in Cu(II)-amp(A)-gly, 2aba, dapa & orn(B) systems were prepared by mixing 199 mg (5 mmol) of copper acetate in 20 ml of water, 350 mg (5 mmol) of amp in 20 ml water and 15/103/104/132 mg (5 m mole) of gly/2aba/ dapa/orn in 20 ml water. The pH of the reaction mixture was maintained at 6.0 by adding few drops of 0.002 M NaOH. The contents were kept in a water bath maintained at 60°C with constant stirring. The precipitated solid complexes were filtered, washed with water and ether. It was further recrystallised using ethanol and the products were dried in vacuum over fused calcium chloride. The microanalysis was performed using Heraeus micro analyser. Magnetic susceptibility measurements were carried out using Gouy balance at 304 K using mercury tetra(thiocyanato)cobaltate(II) as a calibrant. Conductivity measurements were carried out at room temperature on freshly prepared 10 À3 M DMSO solution using Systronics 305 conductivity metre. The electronic spectra of the complexes were recorded on Perkin-Elmer 402 spectrometer. The IR spectra of the samples were recorded on a Perkin-Elmer 783 spectrometer as KBr discs. The ESR spectra of the complexes were recorded in DMSO on Varian ESR spectrometer. TGA and DTA were recorded on Perkin-Elmer 7 series thermal analyser equipped with Pyres software under a Table 1 Stability constants for proton and parent binary complexes of Cu(II) with amp, gly, 2aba, 3aba, dp, tp, dapa, daba & orn(B) at 37°C and I = 0.15 mol dm À3 (NaClO 4 ). Regupathy and Nair (2010) . b Nair et al. (1980) . c Nair et al. (1997) . (Pelczar et al., 1998) and fungi L. theobrome and F. oxysporum by potato dextrose agar method (Pelczar et al., 1998) using agar as nutrient. The standard drug sulfathiazole dissolved in DMF, which acts as control was also tested at the same concentration under the conditions similar to that of the complexes. The liquid medium containing the bacterial subcultures were auto cleaved for 20 min at 121°C at 15 lb pressure before incubation. The bacteria were incubated in Nutrient Broth at 37°C for 24 h, and the fungi and yeast were incubated in Sabouraud Dextrose Broth (SDB) at 25°C for 48 h. The bacteria, fungi and yeast were injected into petri dishes (100 · 70 mm) in the amount of 0.01 cm 3 ; 15 ml of potato dextrose agar were homogenously distributed onto the sterilized petri dishes. All the complexes were injected into empty sterilized antibiotic discs having the diameter of 6 mm in the amount of 30 ml. The complexes were dissolved in DMF to a final concentration of 2000 ppm and soaked in filter paper. The petri dishes were kept at 4°C for 2 h, plates inoculated with fungi and yeast were incubated at 25°C for 24 h. The width of the growth inhibition zone around the disc was measured after 24 h incubation and the activity of each treatment was made in duplicate.
The cleavage of CT DNA by the Cu(II)-amp(A)-gly, 2aba, dapa & orn(B) complexes was determined by agarose gel electrophoresis experiment by incubation of the samples containing CT DNA, and H 2 O 2 in Tris-HCl/NaCl buffer at 37°C for 2 h. After incubation, the samples were electrophoresed for 2 h at 50 V on 1% agarose gel using tris-acetic acid-EDTA buffer. The gel was then stained using ethidium bromide and photographed under ultraviolet light at 360 nm.
Results and discussion
Ternary complex equilibria
The Cu(II)-amp(A)-gly, 2aba, 3aba, dp & tp(B) systems showed the presence of CuAB and CuABH À1 species, while in the Cu(II)-amp(A)-dapa & daba(B) systems, CuABH, CuAB and CuABH À1 species have been detected. The Cu(II)-amp(A)-orn(B) system showed the presence of only CuABH species.
Structure and stability of CuAB, CuABH and CuABH À1
The log K CuB CuAB values (Table 2 ) compare favourably to each other indicating similar type of binding of amp (A) in CuAB in all the systems i.e. amp(A) is bidendate in the ternary species as its binding in its binary species (Regupathy and Nair, 2010) . The log K CuA CuAB values (Table 2) for Cu(II)-amp(A)-gly, 2aba, 3aba, dp & tp(B) systems correspond to the bidendate binding of gly, 2aba, 3aba, dp & tp in the respective CuAB complexes. The bidendate binding of both amp(A) and gly, 2aba, 3aba, dp & tp(B) ligands in the CuAB species in Cu(II)-amp(A)-gly, 2aba, 3aba, dp & tp(B) system reveals a tetra coordination to the metal ion. The log b CuAB values (Table 2) in Cu(II)-amp(A)-dapa(B) system is higher than that in Cu(II)-amp (A)-gly, 2aba & dp(B) systems suggesting tridendate binding of dapa in its CuAB species. Similarly, the log b CuAB values (Table 2) in Cu(II)-amp(A)-daba(B) system is higher than that in Cu(II)-amp(A)-3aba & tp(B) systems suggesting tridendate binding of daba in its CuAB species.
The Dlog K CuAB (= log b CuAB À (log K CuA + log K CuB )) values (Table 2 ) calculated in all the systems are positive, indicating that ligand B adds on to CuA binary species rather than to the aquated metal ion (Sigel, 1975 (Sigel, , 1971 (Sigel, -1997 . The formation of CuAB species is accompanied by a colour change in the solution. The 1:1:1 solutions were found to have a deep greenish yellow colouration at pH 6.0 and the respective k max values of 584, 576, 582, 590, 586, 660 and 658 nm were observed, respectively, for the complexes with B = gly, 2aba, 3aba, dp, tp, dapa & daba. The absorbance of the solutions increases with the rise in pH, but the k max value remained unaltered.
The CuABH species has been detected in the ternary complex systems with B = dapa, daba & orn and their formation have been found to be favoured in the pH range of 3.5-5.0. The proton in CuABH can be attached to amp(A) or to dapa/daba/orn(B) because both in Cu(II)-A and Cu(II)-B binary systems protonated binary complexes have been detected (Table 1) . The pK H CuABH values in Table 2 follow the trend of corresponding pK H CuBH values in Table 1 . This demonstrates that the extra proton in CuABH species resides with ligand B, possibly to its terminal amino group as in the case of its binary protonated species Nair et al. (1982) . The Dlog K CuABH values in Table 2 indicate marked stabilisation of the protonated ternary complexes compared to the binary analogues Sigel (1975) .
The CuABH À1 species has been detected in the Cu(II)-amp(A)-gly, 2aba, 3aba, dp, tp, dapa & daba(B) systems. Since only in the Cu(II)-amp(A) binary system deprotonated species has been detected, it can be concluded that the deprotonation occurs with amp(A) ligand in CuABH À1 species. The log K
values (Table 2 ) in all these systems bear favourable comparison to the corresponding log K 1 values in the Cu(II)-gly, 2aba, 3aba, dp, tp, dapa & daba(B) systems. This demonstrates the same mode of binding of B in both the CuB binary and CuAH À1 B species ternary species.
Species distribution diagram
The species distribution diagram for all the systems under investigation has been obtained for different metal to ligand A and B ratio solutions. The CuABH species has been found to be maximum favoured in the pH range of 4.0-5.0 and accounted a maximum of 50% of the total metal ion. As the pH increases the CuAB species has been found to be generally favoured and accounted upto 60% of the total metal ion in 1:1:1 system. With further increase of pH, the concentration of CuAB species decreases and the CuABH À1 species has been found to be maximum and ac-counted upto 70% of the total metal ion. In order to show the qualitative trends found in the species distribution diagrams, the plots obtained in the Cu(II)-amp(A)-gly & dapa(B) systems are given in the Fig. 2(a) and (b) .
Solid state studies
All the complexes prepared are insoluble in water and common non polar solvents like benzene and ether. They are soluble in methanol, ethanol, dimethyl sulphoxide and acetonitrile. The colour, melting point, elemental analytical data, magnetic susceptibility data and molar conductance of the complexes are given in Table 3 . Elemental analysis data are consistent with the formulation of CuAB in the Cu(II)-amp(A)-gly, 2aba, dapa & orn(B) systems. This is reasonable, because the species distribution diagrams in all these systems demonstrate that CuAB species is predominantly formed at around pH 6.0. The molar conductance of the complexes in DMSO for %10 À3 M solutions at room temperature is low, which indicates the non-electrolytic nature of the complexes. The l eff values for the Cu(II)-amp(A)-gly, 2aba, dapa & orn(B) complexes fall in the range of 1.86-1.98 BM, which are characteristic of d 9 Cu(II) complexes (Figgis and Lewis, 1990) . The magnetic moment observed in these complexes indicate that they are paramagnetic and mononuclear which is further supported by the elemental analysis data.
IR spectra
The spectrum of amp(A) shows bands at 3400 and 1600 cm À1 , respectively, for amino and imido groups (Nakamoto, 1986) . These were shifted to 3340 and 1630 cm À1 suggesting the binding of amino and imido groups with the metal in CuAB species. The band at 1595 and 1316 cm À1 for CuAB both with B = gly & 2aba is typical for the asymmetric and symmetric vibration of the coordinated carboxylato group, confirming the coordination of the carboxylato group (Nakamoto, 1986) of the amino acid (B). The dapa ligand shows absorption bands in the region of 1320 and 1565 cm
À1
. These are characteristics of carboxylic acid group of the ligand (Nakamoto, 1986; Ragot et al., 2002) . They remain unaltered in the CuAB complexes in Cu(II)-amp(A)-dapa(B) system suggesting the non-involvement of carboxylic acid group in coordination. However, in the solution state the results indicate that the dapa(B) ligand binds the metal in tridentate manner in the CuAB complexes, probably in a very weak mode. The CuAB complexes with B = gly, 2aba, dapa & orn show a band, respectively, at 3285, 3280, 3270 and 3260 cm
. These are characteristics of amino group (Nakamoto, 1986; Biradar, et al., 1984) of ligand B, demonstrating the coordination of amino group of B ligand with the metal. In the low frequency region, the band observed in the 438-410 and 516-505 cm indicates the monodentate binding of acetato group. The source of the acetate group in the complexes is from the metal salt used for the preparation of the complexes.
Electronic spectra
The electronic absorption spectra of the Cu(II)-amp(A)-gly, 2aba, dapa & orn(B) systems were recorded at 300 K using ethanol as solvent. The absorption region assignment and geometry of the complexes are given in (Dunn, 1960; Lever, 1971) . The broadness and position of the band favour distorted octahedral geometry due to Jahn-Teller effect. The proposed structure of the CuAB species in Cu(II)-amp(A)-gly & dapa(B) systems are given in Fig. 3(a) & (b) .
Thermal analysis
The TG/DTA analysis of Cu(II)-amp(A)-gly & dapa(B) complexes were carried out and the results are shown in the Table  5 . The thermatogram of Cu(II)-amp(A)-dapa(B) as a representative example is shown in Fig. 4 . The results show that the complexes decompose in three steps. In Cu(II)-amp(A)-gly(B) complex, the first step within the temperature range of 180-260°C brings about a mass fraction loss of 10.5% with an endothermic peak. This mass loss corresponds to the removal of acetato anion (El-Baradie et al., 1994) attached to the metal ion. The second step within the temperature range of 310-420°C corresponds to the elimination of gly ligand with a mass loss of 12.5%. The final decomposition step in the temperature range of 450-575°C includes the thermal decomposition of complex and loss of their organic portion (63%) with the formation of the metal oxide from which the metal content was calculated (10.6%). The analysis suggests the formation of metal oxide as the end product from which the metal content was calculated and compared with that obtained from analytical determination. In the Cu(II)-amp(A)-dapa(B) complex, the first step brings about a mass fraction loss of 16.8% within the range of 175-240°C. This mass loss corresponds to the elimination of two units of acetate moiety attached to metal ion. The second step within the temperature range of 300-350°C brings about a mass fraction loss of 16%, which is due to the removal of dapa ligand. The final step involves thermal decomposition of complex and loss of ligand (54%) with a formation of the metal oxide and the metal content was found to be 9.8%.
ESR spectra
The X band ESR spectra of the Cu ( Table 6 . The spectra of the complexes at 300 K show one intense absorption band in the high field and are isotropic due to the tumbling motion of the molecules. However, four well resolved peaks with low intensities in the low field region and one intense peak in the high field region were observed in the frozen state (Fig. 5) . No band corresponding to m s = ±2 transition was observed in the spectra, ruling out any Cu-Cu interaction. The g values of Cu(II) complex can be used to derive the ground state. From the observed values in Table 6 , it is clear that A k > A ? and g k > g ? indicating the unpaired electron to lie in the d x 2 Ày 2 orbital with 2 E g as ground state in the complexes (Azza Abu-Hussen and Linert, 2009). The g values are related with exchange interaction coupling constant (G). If the G value is larger than four, the exchange interaction is negligible because the local tetragonal axes are aligned parallel or slightly misaligned and the G value of less than four demonstrates the exchange interaction to be considerable and the local tetragonal axes to be misaligned (Anthonisamy et al., 1999) . In the present Cu(II) complexes, the G value is 5.5 suggesting the local tetragonal axes to be aligned parallel or slightly misaligned and consistent with a d x 2 Ày 2 ground state. The covalent bonding parameters a 2 (inplane r bonding), b 2 (in-plane p bonding) and c 2 out of plane p bonding) were also calculated. The a 2 value of 0.5 indicates complete covalent bonding, while the value of a 2 equal to 1.0 suggests complete ionic bonding (Drago et al., 1983) . The a 2 values in Table 6 suggest that the complexes have more covalent character. The b 2 and c 2 values indicate that there is an interaction in the out of plane p bonding between metal ion and ligand. This is also confirmed by orbital reduction factors (West, 1984) calculated. The trend that K ll < K ? implies a considerable in-plane p bonding and K ll > K ? shows out of plane p bonding between metal ion and ligand. The K ll and K ? values in Table 6 suggest a out of plane p bonding in metal ligand interaction (Hathaway and Tomlinson, 1970) . The linear correlation between g || and A || values have been used to evaluate the degree of distortion in the Cu(II) complexes. The empirical ratio g || /A || calculated for Cu(II)-amp(A)-gly(B) and Cu(II)-amp(A)-dapa(B) complexes is 158 and 162 cm À1 respectively, indicating a distorted geometry (Hathaway and Tomlinson, 1970) .
Electrochemical behaviour
The electrochemical properties of Cu(II)-amp(A)-gly & dapa(B) complexes have been studied by cyclic voltammetry in MeCN. The cyclic voltammetric data obtained for these complexes are of similar type and are given in Table 7 . The cyclic voltammogram of Cu(II)-amp(A)-gly(B) complex is shown in Fig. 6 . The voltammogram of the complexes shows a well defined redox process corresponding to the formation of Cu(II)/Cu(I) at À0.24 and À0.22 V, respectively, during the cathodic potential scan and the associated peak for Cu(I) fi Cu(0) at À0.84 and À0.74 V, respectively, are assigned to the direct oxidation of Cu(0) fi Cu(II) (Roositer and Hamilton, 1986) . The separation between the cathodic and anodic peak potentials DEp of 0.18 and 0.22 V indicate a quasi-reversible redox process assignable to Cu(II)/Cu(I) couple (Jeyasubramanian et al., 1996) and the cathodic to anodic peak currents (Ip a /Ip c $1) corresponding to a simple one electron process.
Antimicrobial studies
The antimicrobial activity of the Cu(II)-amp(A) binary complex and Cu(II)-amp(A)-gly, 2aba, dapa & orn(B) ternary complexes were tested against bacteria S. typhi, yeast S. cereuisae and fungi L. theobrome and F. oxysporum. The zone inhibition against the growth of bacteria, yeast and fungi for the ligands, control, binary and ternary complexes is given in Figure 4 Thermal analytical curve of CuAB species in Cu(II)-amp(A)-dapa(B) system. Table 8 . The results show that the inhibition zone of ternary complexes is higher than that of ligand, control and binary complex. The increased activity of ternary complexes than binary complex and control can be explained on the basis of Overtone's concept (Anjaneyulu and Rao, 1986 ) and Tweedy's chelation theory (Mishra and Singh, 1997) .
DNA studies
The oxidative CT DNA cleavage activity of Cu(II)-amp(A) and Cu(II)-amp(A)-gly, 2aba, dapa & orn(B) complexes was studied using gel electrophoresis and the respective photograph is shown in Fig. 7 . The cleavage efficiency of the complexes is compared with that of control DNA to study the Table 6 The spin Hamiltonian parameters of CuAB complexes in DMSO at 77 K. binding ability. The experiment with control DNA does not show any significant cleavage of CT DNA. From Fig. 7 , it is clear that the metal complexes show higher ability to cleave CT DNA than the control and the ternary complexes show higher ability to cleave CT DNA than binary complex. This is due to the higher binding ability of ternary complexes with DNA. Further, the presence of smear in the gel diagram indicates the radical cleavage (Zhang and Lippard, 2003) by the abstraction of hydrogen from sugar units of DNA. The metal complexes are able to convert super coiled DNA into open circular DNA (Zhang and Lippard, 2003) . The reaction is modulated by the metallocomplexes bound hydroxyl or peroxo radical generated from the oxidant H 2 O 2 .
Conclusion
The equilibrium studies on the Cu(II)-amp(A)-gly, 2aba, 3aba, dp, tp, dapa, daba & orn(B) ternary complex systems at 37°C and I = 0.15 mol dm À3 (NaClO 4 ) show that the ternary complex species are, in general, of higher stability compared to the binary analogues. The results indicate the coordination mode of ligands A and B to be same both in the binary and ternary complex species. The CuAB ternary complexes were synthesized and characterized using micro analytical and spectral Figure 7 Changes in the agarose gel electrophoretic pattern of calf-thymus DNA induced by ternary complexes in the presence of H 2 O 2 .
techniques. The results indicate square pyramidal geometry for CuAB with B = gly/2aba complexes and distorted octahedral geometry for CuAB with B = dapa/orn. The ESR data indicate the unpaired electron to lie in the d x 2 Ày 2 orbital. The thermal studies show that the complexes are non-hydrated and possess high stability. The antimicrobial studies and CT-DNA cleavage analysis demonstrate higher activity for the ternary complexes compared to binary complex.
